Introduction {#sec1}
============

Atmospheric aerosol particles affect air quality and human health and have an important role in defining the global climate through scattering solar radiation and through serving as cloud condensation nuclei (CCN). Many atmospheric particles are formed by nucleation, but to act as CCN, they must first grow substantially, to roughly diameters of 50--100 nm. Especially for the smallest particles, which have high Brownian diffusivity, to grow slowly is to die by collision with larger particles. Growth rates thus govern the number of climate relevant particles.^[@ref1]−[@ref3]^

Organic species constitute up to 90% of the atmospheric aerosol mass concentration in the submicron size range,^[@ref4]^ with the majority of this organic mass being secondary organic aerosol (SOA) formed in the atmosphere. The condensation of organic vapors on existing aerosol particles is a significant contributor to the growth to CCN sizes of the newly formed particles,^[@ref5],[@ref6]^ and proper description of the growth process is vital in order for models to be able to achieve correct CCN concentrations. The vapor uptake ability of the aerosols is described by the mass accommodation coefficient α, which is defined as the fraction of the incoming vapor molecules that remain with the condensed phase.^[@ref7]^ The mass accommodation coefficient affects the SOA vapor--particle equilibration time scale, which will determine whether the SOA can be modeled by assuming instant equilibration between vapor and particle phases or if the situation should be treated as a kinetically limited process.^[@ref5],[@ref8],[@ref9]^ The mass accommodation coefficient needs to be well constrained for accurate modeling of SOA.^[@ref10]^

In part due to the large number of organic species in the atmosphere,^[@ref11],[@ref12]^ the properties of the various organic species are in general poorly constrained.^[@ref13]^ The mass accommodation coefficient is no exception and, in fact, is even more poorly constrained than most thermodynamic properties. Though some pioneering work studying the mass accommodation coefficients of organics has been reported recently,^[@ref14]−[@ref16]^ it has been shown that the values of the coefficient are challenging to quantify experimentally.^[@ref17]^ This difficulty is not limited to organics. Even the reported values for water vary by several orders of magnitude,^[@ref18]−[@ref20]^ although recent sensitivity studies have managed to constrain the value somewhat.^[@ref17],[@ref21]^ Because the sheer number of atmospheric organic species makes it unfeasible to study each of them with the same level of effort that has been given to water over the years, the ability to constrain the influence of common molecular structural features on α is critical.

The mass accommodation coefficient α can be defined as either surface (α~s~) or bulk accommodation coefficient (α~b~).^[@ref7]^ The difference between the two is whether a condensing molecule needs to be absorbed to the particle bulk (bulk accommodation) for it to be considered accommodated or if it is sufficient to consider surface adsorption. Experimental studies often measure the evaporation coefficient,^[@ref14],[@ref16]^ and as the net evaporation and condensation fluxes are equal in equilibrium, the evaporation coefficient can be equated with the condensation, or mass accommodation, coefficient. Traditional aerosol dynamic models, which are used to interpret the experimental results, do not make any distinction between particle surface and bulk. Consequently, it is not clear whether the experimental α is a surface or bulk accommodation coefficient. Molecular level methods such as molecular dynamics (MD) simulations are able to distinguish between surface and bulk and, therefore, are essential in elucidating the nature of the mass accommodation coefficient.^[@ref22]−[@ref27]^

The phase of the aerosol particles can have a considerable effect on the magnitude of the coefficient. The rapid equilibration between gas and particle phases is a reasonable assumption when the particle phase is liquid,^[@ref8]^ although if particle-phase chemistry plays an important role, the condensational growth should still be modeled as a kinetically limited process.^[@ref28]^ In recent years, there has also been increasing evidence suggesting the existence of solid or semisolid (glassy) SOA particles.^[@ref14],[@ref15],[@ref29]−[@ref31]^ This could cause kinetic limitations in the particle phase transport,^[@ref8]^ resulting in an apparent α \< 1. The matter is far from settled, especially as contrasting results concluding short equilibration time-scales and supporting the rapid equilibrium approach have emerged recently.^[@ref9],[@ref32]^ In any case, the value of the accommodation coefficient has also a major impact on the equilibration time scales of both liquid and semisolid particles.^[@ref8]^

In this work, we determine the mass accommodation coefficients of selected organic molecules using MD simulations and expansion chamber measurements. The molecular species include adipic and succinic acid, which are dicarboxylic acids with different aliphatic chain length, as well as naphthalene, a simple polycyclic aromatic hydrocarbon, and *n*-nonane, a linear alkane. The varying structure of these molecules enables us to shed light on the effect of molecular structural properties on α. Furthermore, we distinguish between bulk and surface accommodation and constrain how the condensed phase state affects these processes. By employing both a cluster and planar target surface for adipic acid we confirm that surface curvature has a minimal effect on α. We discuss the nature and the apparent value of α in light of our results and the implications of our findings to experimentally determining the mass accommodation coefficient.

Methods {#sec2}
=======

Molecular-Level Definitions of α {#sec2.1}
--------------------------------

As the molecules arrive at the surface, their fates are divided into four different possible outcomes,^[@ref24],[@ref25]^ which are illustrated in Figure [1](#fig1){ref-type="fig"}: scattering, adsorption, absorption, and desorption. Of these, scattered molecules do not enter the surface at any point of their trajectory. These molecules will, for example, recoil with very high rotational quantum number in molecular beam experiments probing gas-surface collisions.^[@ref33]^ Molecules adsorbed to the surface can be either desorbed back to the vapor phase or absorbed into the bulk condensed phase. Using this classification the surface accommodation coefficient is defined as^[@ref24]^where *n*~absorb~, *n*~desorb~, and *n*~adsorb~ are the number of absorbed, desorbed, and adsorbed molecules, respectively, and *n*~total~ is the total number of incoming molecules. The bulk accommodation coefficient is defined aswhere the correction factor *p*~k~is introduced because the final fate of the adsorbed molecules cannot be determined during the limited simulation time. The distinction between absorbed and adsorbed molecules will naturally depend on the chosen location of the boundary between surface and bulk. It should be noted that by adopting this terminology, we use desorption only as a possible outcome for incoming molecules. Thermal evaporation of the condensed phase molecules can occur during the simulations, and in the following, we call this simply evaporation. Generally, in terms of mass accommodation, it should not matter if it is the incoming molecule that returns to the vapor phase or if the collision causes a surface molecule to evaporate.

![Schematic representation of the possible fates of an incoming molecule and of the difference between surface and bulk accommodation.](es-2014-01816h_0002){#fig1}

In this paper, we use eq [1](#eq1){ref-type="disp-formula"} as the definition for the surface accommodation coefficient. The upper limit of the bulk accommodation coefficient reported in the following corresponds to the standard definition given by eq [2](#eq2){ref-type="disp-formula"}. However, we also report a conservative lower limit for α~b~, which corresponds to eq [2](#eq2){ref-type="disp-formula"} with *p*~k~ set to zero. In other words, we conservatively assume that none of the molecules classified as adsorbed will ever enter the bulk, and thus, we count only the absorbed molecules already within the bulk at the end of the simulation.

Molecular Dynamics Simulations {#sec2.2}
------------------------------

All simulations were performed with the Gromacs MD software,^[@ref34]^ and the molecules were modeled using the nonpolarizable OPLS-AA force-field,^[@ref35]^ with a 1.1 nm cutoff for the van der Waals interactions and the long-range part of the Coulombic interactions treated by particle-mesh Ewald summation. All bond lengths were constrained with the LINCS algorithm. A 1 fs simulation time step was used. The condensed phase was kept in constant temperature by the Bussi thermostat,^[@ref36]^ whereas the incoming molecules were not coupled to the thermostat in order to avoid interfering with the accommodation process. Periodic boundaries were applied in all directions.

The different molecules and the various target surfaces are illustrated in Figure [2](#fig2){ref-type="fig"}. The target surfaces always consisted of the same molecular species as the incoming molecules, and 100 incident molecules were simulated for each surface. An experimental mass accommodation coefficient has been reported for adipic acid^[@ref16],[@ref37]^ and succinic acid.^[@ref37]^ The simulation temperature for the dicarboxylic acids and naphthalene was *T* = 313.15 K, matching the thermodenuder temperature of Saleh et al.^[@ref16],[@ref37]^ This temperature is well below the melting temperature of both adipic and succinic acid and somewhat below the melting temperature of naphthalene. However, the simulated naphthalene exhibits clearly liquidlike behavior, and thus, the naphthalene condensed phase here is a subcooled liquid. The simulated dicarboxylic acids on the other hand exhibit a solid structure. There is no evidence that after the freezing and equilibration procedure described below the system would remain in an intermediate state. One should keep in mind, however, that it cannot be stated with certainty that the system would not reconfigure to some final structure if notably longer simulation times were accessible. Consequently, we indicate in Figure [2](#fig2){ref-type="fig"} and Table [1](#tbl1){ref-type="other"} that the dicarboxylic acids are either in a semisolid or solid phase. For brevity, and as opposed to the condensed phase being liquid, we refer to the dicarboxylic acid condensed phase as solid in the following. Nonane accommodation was simulated at a lower temperature of *T* = 280 K, matching the temperature of the nonane experiments we also report in this work. Nonane is liquid at this temperature.

![List of the organic molecules simulated in this work and the corresponding target surfaces.](es-2014-01816h_0003){#fig2}

###### Simulated Surface Accommodation Coefficients According to Equation [1](#eq1){ref-type="disp-formula"} and Restrictions for the Value of the Bulk Accommodation Coefficient

  molecule        target surface            α~s~[a](#t1fn1){ref-type="table-fn"}   α~b~[a](#t1fn1){ref-type="table-fn"}
  --------------- ------------------------- -------------------------------------- -------------------------------------------------
  adipic acid     planar, solid/semisolid   0.96 ≤ α~s~ ≤ 1                        0.25 ≤ α~b~ ≤ 1
                  cluster, direct hit       0.96 ≤ α~s~ ≤ 1                        0.14 ≤ α~b~ ≤ 1
                  cluster, nondirect hit    0.96 ≤ α~s~ ≤ 1                        0.19 ≤ α~b~ ≤ 1
  succinic acid   solid/semi-solid          0.96 ≤ α~s~ ≤ 1                        0.22 ≤ α~b~ ≤ 1
  naphthalene     subcooled liquid          0.96 ≤ α~s~ ≤ 1                        0.76 ≤ α~b~ ≤ 1
  nonane          liquid                    0.96 ≤ α~s~ ≤ 1                        ∼0.5[b](#t1fn2){ref-type="table-fn"} ≤ α~b~ ≤ 1

The lower limits for both α~s~ and α~b~ correspond to binomial 95% confidence intervals. The results on the accommodation of nonane are a combination of molecular dynamics simulations and experimental data.

Based on the experimental data only and depends on saturation vapor pressure used.

The initial setup for a planar interface simulation was a liquid or solid slab of 1000 molecules in the center of a simulation box elongated in the *z* direction. For adipic acid a 400-molecule cluster in the center of a cubic simulation box was also simulated. An incoming molecule with random orientation was placed at about 2 nm above the surface at random *x* and *y* coordinates (for the molecule center of mass), and in the cluster case, a random *z* coordinate was chosen as well. The velocity of the molecule was drawn from the Maxwell--Boltzmann distribution corresponding to the temperature in question, with the requirement that the velocity vector be pointing toward the surface. Because the slab system provides two independent surfaces, an incoming molecule was placed on both sides of the slab.^[@ref23],[@ref27]^ Each individual simulation was run for 80 ps.

To control the effect of the angle of approach for the cluster case, the angles were constrained to two distinct cases with 100 incoming molecules for each. For the first case, the molecules were aimed directly toward the center of mass of the cluster ("direct hit"). For the second case, the "target" was a random point on a circle with 1.5 nm radius, with the center of the circle at the cluster center of mass, and the plane of the circle perpendicular to the vector between the centers of mass of the cluster and the incoming molecule ("non-direct hit", for schematic illustration see [Supporting Information](#notes-1){ref-type="notes"}).

As the mass accommodation simulation temperature is below the melting points of adipic acid, succinic acid, and naphthalene, the systems were initially equilibrated in a cubic simulation box for 1 ns at a higher temperature: 460 K for succinic acid, 425 K for adipic acid, and 360 K for naphthalene, near their respective experimental melting temperatures. After this, the systems were cooled to 313.15 K by simulated annealing over 1 ns. The system is further allowed to equilibrate for several nanoseconds in the elongated box before collecting the starting configurations for the mass accommodation runs. For nonane, the initial equilibration is already performed at the desired simulation temperature, *T* = 280 K. For all cases, the starting configurations for the mass accommodation simulations are collected at 20 ps intervals from the slab-only (or cluster-only) runs after the equilibration procedures.

Experiment {#sec2.3}
----------

Condensational growth of nonane was measured in an expansion chamber, the Size Analyzing Nuclei Counter (SANC),^[@ref19],[@ref38],[@ref39]^ using constant angle Mie scattering for the size-detection,^[@ref40]^ at temperature *T* = 280 K and total pressure *p* = 792.9 hPa. The liquid droplets were formed by heterogeneous nucleation of nonane vapor on Ag seed particles. A nonane--air vapor mixture was obtained with the spray-evaporation technique,^[@ref41]^ and during a measurement cycle, the vapor--air mixture was passed together with the Ag-aerosol into the expansion chamber. The expansion time in the current experiment was 10 ms. After the expansion the supersaturated vapor nucleates on the aerosol particles, and these droplets then grow by condensation to optically detectable sizes. The particle concentration and size as a function of time was measured using constant angle Mie scattering.^[@ref40]^

Results and Discussion {#sec3}
======================

The surface and bulk accommodation coefficients are given in Table [1](#tbl1){ref-type="other"}. We observed no direct scattering of incoming molecules for any of the studied molecular species or target surfaces, meaning that the surface accommodation coefficient is unity for all cases. As the resulting fate of an individual molecule can be considered a binomial variable (accommodation/nonaccommodation), we report α~s~ with the 95% binomial confidence interval.

The upper limit given for the bulk accommodation coefficient follows directly from the expression given by eq [2](#eq2){ref-type="disp-formula"}. For all of the studied molecules, this upper limit is unity, as no desorption events were observed. Table [1](#tbl1){ref-type="other"} shows the conservative estimate (again corresponding to the 95% binomial confidence interval) for the lower limit of the bulk accommodation coefficient, which we obtained by assuming zero *p*~k~ in eq [2](#eq2){ref-type="disp-formula"}. The transport from surface to bulk is slow compared to the simulation time for the current set of molecules under these conditions, and consequently, the majority of the incoming molecules remain adsorbed at the end of the simulation, with naphthalene being the only exception.

Experimental evaporation coefficients for dicarboxylic acids have previously been determined from measurements of the evaporation of aerosols in thermodenuders at *T* = 40 °C:^[@ref16],[@ref37]^ for adipic acid, α = 0.16 ± 0.03;^[@ref16]^ for succinic acid, α = 0.07 ± 0.02.^[@ref37]^ A correction applied to the Knudsen number should increase the latter value by 30%.^[@ref16]^ Although the lower-limit MD α~b~ could be in agreement with the experimental values, it should be kept in mind that this is a very conservative estimate. Moreover, as an incoming molecule remains on the surface longer, it will have more time to lose any excess kinetic energy and, consequently, it will be less likely to desorb. Therefore, the lower limit α~b~ listed in Table [1](#tbl1){ref-type="other"} are less likely than larger values of α~b~. Thus, the agreement between experiment and simulations is tenuous.

The lower limits for α~b~ given in Table [1](#tbl1){ref-type="other"} are determined by placing the boundary between surface and bulk to where the density is 90% of the bulk condensed phase value. This means that a molecule is classified as absorbed if its center of mass has crossed this surface/bulk boundary. Although this surface definition is commonly used in MD,^[@ref24],[@ref42]^ it is arbitrary. Consequently, we examined the sensitivity of our derived bulk accommodation coefficient to this threshold value. Figure [3](#fig3){ref-type="fig"} shows how the α~b~ lower limit will change when the location of the surface/bulk boundary is chosen as different fraction of the bulk density, ranging from 5% to 99%. Decreasing the threshold bulk density fraction means that the location of the boundary gets closer to the vapor phase (see the [Supporting Information](#notes-1){ref-type="notes"}), and accordingly, the lower limit of α~b~ approaches unity. It is notable that a slight change from the conventional 90% bulk density surface/bulk threshold can change the fraction of molecules classified as absorbed by a factor of 2. This slight change (going from 90% to either 80% or 95%) moves the location of the surface/bulk boundary by as little as 0.3 Å for most of the present cases. The results highlight the fact that the value of α~b~ is strongly dependent on how the condensed phase is in practice separated into the distinct surface and bulk phases. In general, the gradients shown in Figure [3](#fig3){ref-type="fig"} suggest steady diffusion by adsorbed molecules into the bulk; as can be expected from the slower transport from the surface to bulk when the condensed phase is a solid, the solid dicarboxylic acid surfaces result in lower possible values than the liquid naphthalene surface.

![Conservative estimates for the lower limit of the bulk accommodation coefficient. The bulk accommodation coefficients are given as a function of the fraction of bulk condensed phase density where the boundary between surface and bulk is placed. For all cases the upper limit is unity, which is reflected by the shaded area. Direct hit refers to simulations where the incoming molecules are aimed at the cluster center of mass.](es-2014-01816h_0004){#fig3}

Results for adipic acid suggest that there is little if any difference between planar surfaces and small clusters, in agreement with results for liquid water.^[@ref43]^ Changing the angle of incidence from head-on collision to the closer-to-tangential angle of incidence had no discernible effect on α~s~ or α~b~. The minimum α~b~ values are similar for planar and cluster cases, with one exception: when a high fraction of the bulk density is used to define the surface/bulk boundary, the number of molecules entering the bulk of the cluster gets notably smaller than for the corresponding planar surface. This is likely because the surface area to bulk volume ratio is over three times higher for the relatively small cluster than for the planar slab.

Unlike the other molecules studied here, nonane exhibits a distinct surface structure: a surface monolayer of molecules is arranged in the direction of the surface normal, and below this, the bulk molecules are randomly oriented. As a result, the nonane density profile shows a surface peak followed by a valley at the bulk end of the monolayer, and only below this can the region of bulk density be found (see the [Supporting Information](#notes-1){ref-type="notes"}). Consequently, using a surface definition based on some fraction of the bulk liquid density makes little sense for nonane, and instead, simply taking this monolayer to be the surface is a more sensible definition. The tightly packed surface structure prevents the incoming molecules from passing through the surface monolayer within the simulation time scale, or even from taking a place within this structure. Thus, through simulation alone, we cannot restrict the nonane α~b~ without resorting to surface definitions ill-suited to the task. It is worth noting that even for nonane, we observed no scattering or desorption of incoming molecules.

To constrain α~b~ for nonane, we use the experimental data on condensational growth of nonane droplets in an expansion chamber, illustrated in Figure [4](#fig4){ref-type="fig"}. The experimental method is the same that was used for water in ref ([@ref20]) It was found by Miles et al.^[@ref17]^ to be the most reliable of all the analyzed experimental techniques in determining the value of α, at least in the case of water. The observed growth was modeled by solving the mass and heat transfer equations for a monodisperse, single-component aerosol population in an inert gas (see, e.g., refs ([@ref44]) and ([@ref45]) and the [Supporting Information](#notes-1){ref-type="notes"}). The mass accommodation coefficient enters the equations through the Fuchs--Sutugin correction factor multiplying the mass flux.

![Condensational growth of nonane. Experimental data is denoted by crosses, the lines correspond to the different saturation vapor pressure parametrizations with solid lines having α = 1, and the dashed lines α = 0.1. Unity mass accommodation coefficient works better than 0.1, regardless of the saturation vapor pressure used.](es-2014-01816h_0005){#fig4}

In addition to the mass accommodation coefficient, the main sensitivity of the modeled growth is to the saturation vapor pressure. Figure [4](#fig4){ref-type="fig"} shows modeled growth curves for three different saturation vapor pressure parametrizations^[@ref46]−[@ref48]^ and mass accommodation coefficient values 1 and 0.1. It should be noted, however, that the Winkler parametrization^[@ref48]^ is based on the data presented here assuming α = 1. Regardless of the saturation vapor pressure parametrization we use, the experimentally observed growth agrees with an accommodation coefficient at or near unity, whereas α = 0.1 leads to a clear underestimation of the droplet growth. Thus, the experimental data are consistent with the MD results. Here, the thermal accommodation coefficient, which gives the fraction of molecules that reach thermal equilibrium with the condensed phase, was assumed to be unity. The experimental method can be used to determine the thermal accommodation coefficient,^[@ref19]^ but a nonunity value would only require an even higher mass accommodation coefficient to match the observed growth.

Equation [2](#eq2){ref-type="disp-formula"} does not place any restrictions on the desorption time scale of the incoming molecules. However, though a colliding molecule in a single-component system initially perturbs the near surface environment, once that environment relaxes to a condition indistinguishable from the precollision condition, the colliding molecule must be accommodated. Thus, the accommodation can in theory be determined by the average time scale for desorption of an incoming molecule following a collision event: if desorption occurs after a longer time than thermal evaporation is on average expected to take place, the molecule is accommodated. Unfortunately, the evaporation time scale is for many cases impractically long for MD simulations. For example, for the two dicarboxylic acids it would take on average several microseconds to observe a single thermal evaporation event under the simulation conditions. In fact, only naphthalene condensed phase molecules are observed evaporating during the simulations, in total nine molecules during 8 ns of simulation time. This provides an estimate for the evaporation time scale for the simulated naphthalene under these conditions, but how this relates to the average desorption time scale of the incoming molecules remains unclear due to individual trajectories being followed only for 80 ps.

In conclusion, we have determined the mass accommodation coefficient of organic molecules of varying structure on surfaces consisting of the same molecular species. No scattering or desorption of incoming molecules was observed for any of the studied systems, regardless of the shape of the molecule, the phase (liquid or solid) of the condensed phase, or whether the target surface was planar or a droplet. Thus, we find that the surface accommodation coefficient is close to unity for all of the studied molecules, and the results are consistent with a unity bulk accommodation coefficient as well. Although the definite determination of the bulk accommodation coefficient would require longer simulation time scales, it should be stressed that the conservative lower limits for the bulk accommodation coefficient presented here are not very likely. MD has the benefit that it can, unlike the aerosol dynamic models that are traditionally used to interpret experiments, make a distinction between surface and bulk, even though the bulk mass accommodation coefficient is somewhat dependent on the surface definition. Therefore, as a future direction and a complement to molecular-level simulations, experimental techniques that are able to probe the surface and bulk separately are critical to resolve not only the value of the mass accommodation coefficient but the nature of it as well.

An overview of the mass and heat transfer equations used for modeling the nonane droplet condensational growth, a schematic illustration on the initial setup of the cluster simulations, and the density profiles, with the naphthalene profile illustrating the locations of the various surface/bulk boundaries. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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